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INTRODUCTION. , 
Since a few years back, it has been realized throughout the world 

' \  the need to find new and/or alternative energy sources to replace 
fossil fuels. Today, however, most of the countries in the world 
still depend on fossil fuels, and in particular on residual oil to 
meet their energy requirements. This situation, will continue to be 
as such for at least the next twenty years, and may be longer. The 
residual oil, as it is used today for the production of electricity by 
the utilities, contains sulfur, and trace metals, besides its usual 

' elemental composition. As it is well known, when the residual oil is 
burned in a big industrial boiler the above mentioned elements, will 
produce substances which are dangerous for the environment. These , substances, also have a high influence in the loss of availability, 
and efficiency of the boilers due to the formation of deposits within 

, the furnace, and the corrosiveness of some of the products. Moreover, 
with the utilization of better technologies in crude oil refining 
processes the residual oil will increasingly have higher amounts of 
sulfur and metals, and will become heavier. Also, the use of a 
heavier oil usually leads to an increase in unburned particles, and in 
polyaromatic hydrocarbons in the flue gas. In order to attain the 
appropriate protection for the environment, and for the industrial 
boilers it is necessary to understand how the harmful products are 
formed, during the combustion of the residual oil. To reach such an 

~ understanding, we believe it is necessary to have a better knowledge 
about the oxidation chemistry of the oil. 

\ 

In a previous paper(l), we have reported the utilization of , differential scanning calorimetry (DSC) to study the thermo-oxidation 
of fuel oil #6. It was shown, that it is possible to utilize, the 

1 techniques in thermal analysis to obtain kinetic information about 
the oxidation behavior of the fuel. We have also shown(2), that the 
results from the thermogravimetric analysis (TGA) of the fuel are 
highly complimentary with the results from the DSC. These two 
techniques,combined for the study of the oxidation of fuel oil #6, in 
the temperature range between 200-600°C, have provided us with an 
insight into the different mechanisms of oxidation of the fuel. In 
the present work, we have separated the asphaltenes from a sample of 
mexican residual o i l .  The oxidation profile of both,the asphaltene, 
and asphaltene-free fractions was obtained by means of DSC and TGA, 
between 2OOOC and 600'C. We also have attempted to obtain kinetic 
information from the data, and have compared the results with those 
previously obtained for the fuel. 

EXPERIMENTAL. 

A sample of a previously studied (1,2) mexican residual fuel oil was 
chosen for the present work. The asphaltene, or heavy fraction was 
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s e p a r a t e d  from t h e  o i l  by means of e x t r a c t i o n s  wi th  n-pentane.  
Elemental  a n a l y s i s ,  and a n a l y s i s  of s u l f u r  and vanadium c o n t e n t  were 
performed on  b o t h ,  t h e  a s p h a l t e n e  and a s p h a l t e n e - f r e e  f r a c t i o n s .  
D i s t r i b u t i o n  maps o f ,  s u l f u r  and vanadium were o b t a i n e d  f o r  t h e  
a s p h a l t e n e s ,  w i th  an X-ray f l u o r e s c e n c e  microprobe  a t t achmen t  t o  a 
scanning  e l e c t r o n  microscope  (SEM). 

The o x i d a t i o n  p r o f i l e  o f  b o t h  f r a c t i o n s  was o b t a i n e d  by means of 
a Perkin-Elmer DSC-2 d i f f e r e n t i a l  s cann ing  calorimeter, and a TGS-2 
thermogravimet r ic  sys tem.  The TGS-2 was p rov ided  w i t h  t h e  s i g n a l  
d e r i v a t i v e  a t t achmen t .  Two t y p e s  o f  expe r imen t s  were performed: 
a )  dynamic, and b )  i s o t h e r m i c .  I n  t h e  dynamic r u n s ,  t h e  sample was 
charged  a t  room t empera tu re ,  and t h e  t empera tu re  v a r i e d  a t  a r a t e  of ( 

10°C/min. I n  t h e  i s o t h e r m i c  expe r imen t s ,  t h e  sample was charged a t  a 
g iven  t empera tu re ,  which was h e l d  c o n s t a n t  ove r  a p e r i o d  of t i m e ,  o r  , 
u n t i l  t h e  sample we igh t  w a s  d e p l e t e d .  For  the a s p h a l t e n e - f r e e  o r  I 

l i g h t  f r a c t i o n  t h e  i s o t h e r m i c  expe r imen t s  were run  a t  v a r i o u s  
t empera tu res  between 230 and 290°C, and between 380 and 460OC. For 
t h e  heavy f r a c t i o n ,  t h e  i s o t h e r m i c  r u n s  were made a t  tempera tures  
between 390 and 480OC. The sample pans  i n  t h e  DSC exper iments  were 
made of aluminum, and t h e  sample c o v e r s  had t o  be  p e r f o r a t e d  i n  o rde r  
t o  o b t a i n  meaningfu l  r e s u l t s .  The sample pans  i n  t h e  TGA experiments 
w e r e  made o f  p la t inum.  A l l  t h e  exper iments  w e r e  performed wi th  a flow 
o f  oxygen o f  -25 ml/min, and the sample weight  w a s  -1 mg, and n 2  mg 
f o r  t he  a s p h a l t e n e  and a s p h a l t e n e - f r e e  f r a c t i o n s ,  r e s p e c t i v e l y .  

RESULTS AND DISCUSSION. 

The f u e l  o i l  s t u d i e d  h e r e  h a s  an a s p h a l t e n e  c o n t e n t  o f  1 4 % .  
Table  1, shows t h e  r e s u l t s  o f  t h e  e l e m e n t a l  a n a l y s i s ,  t h e  s u l f u r  and 
vanadium c o n t e n t ,  and t h e  hydrogen: carbon r a t i o  f o r  t h e  f u e l ,  and the  
f r a c t i o n s .  A s  expec ted ,  a l l  t h e  vanadium remains  i n  the a s p h a l t e n e s .  
Approximately 75% of t h e  s u l f u r  from t h e  o i l  remains i n  t h e  l i g h t  
f r a c t i o n .  The H/C ra t io  decreases from a v a l u e  of 1 .5  f o r  t h e  f u e l ,  
and t h e  a s p h a l t e n e - f r e e  f r a c t i o n ,  t o  a v a l u e  o f  1 f o r  t h e  heavy 
f r a c t i o n .  The H/C r a t i o  of t h e  a s p h a l t e n e s  i s  v e r y  t y p i c a l ( 3 )  f o r  
t h i s  k ind  of hydrocarbons .  T h i s  r a t i o ,  is  close t o  t h a t  found f o r  
some c o a l s ( 4 ) .  Thus, t h i s  r e s u l t  may speak by i t s e l f  abou t  t h e  
d i f f i c u l t i e s  t o  o b t a i n  a d e q u a t e  c o n d i t i o n s  f o r  t h e  comple te  combustion 
o f  t h e  a s p h a l t e n e s .  F i g u r e s  1, 2 ,  and 3 r e v e a l  ano the r  i n t e r e s t i n g  
f e a t u r e  o f  t h e  heavy f r a c t i o n .  F i g u r e s  2 ,  and 3 a r e  t h e  d i s t r i b u t i o n  
maps of V, and S r e s p e c t i v e l y  of t h e  SEM image f o r  t h e  a s p h a l t e n e s  i n  
f i g u r e  1. I n  t h e s e  maps, a t  l e a s t  some o f  t h e  s u l f u r  of the heavy 
f r a c t i o n  seems t o  be  c l o s e l y  associated w i t h  t h e  vanadium. Most of 
t h e  s t r u c t u r e s  proposed f o r  t h e  a s p h a l t e n e s ( 3 , 5 ) ,  do n o t  i n c l u d e  
he te roa toms eventhough t h e r e  u s u a l l y  i s  a h igh  s u l f u r  c o n t e n t  i n  t h i s  
f r a c t i o n .  Some of t h e  vanadium i n  t h e  a s p h a l t h e n e s ,  i s  o f t e n  
a s s o c i a t e d  w i t h  po rphyr in - l ike  s t r u c t u r e s ( 6 , E )  i n  which s u l f u r  i s  no t  
i nc luded ,  b u t  ve ry  l i t t l e  i s  known abou t  non-porphyr in ic  vanadium. 
Dickson and P e t r a k i s ( 8 1 ,  have proposed  some p o s s i b l e  s u l f u r  
environments around a VO sys t em,  t o  accoun t  f o r  non-porphyr in ic  
vanadium. The t y p e s  of sys tem proposed by Dickson and P e t r a k i s  a r e  
c o n s i s t e n t  w i th  t h e  r e s u l t s  shown i n  f i g u r e s  2 ,  and 3 .  Theassoc ia t ion  
o f  s u l f u r ,  and vanadium i n  t h e  a s p h a l t e n e s  needs to  be t h e  o b j e c t  of 
f u r t h e r  i n v e s t i g a t i o n  s i n c e  t h e  chemis t ry  of such  complexes may be 
q u i t e  d i f f e r e n t  from t h a t  o f  p o r p h y r i n i c  vanadium(7) .  

F igu re  4 ,  shows t h e  DSC r e s u l t s  i n  t h e  r e g i o n  between 200-600°Cr 
fo r  t h e  f u e l  and i t s  f r a c t i o n s .  T h i s  p l o t  shows t w o  exothermic  
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r e g i o n s ,  one a t  -3OOOC (zone I ) ,  and a second r e g i o n  (zone  11) which 
Star ts  a t  - 4 O O O C .  A t  t h e  beginning  o f  t h e  zone 11, t h e r e  are s e v e r a l  
s h a r p  peaks .  These peaks ,  i n d i c a t e  a h i g h l y  u n s t a b l e  r e g i o n  wi th  
r e s p e c t  t o  t h e  o x i d a t i o n  of t h e  hydrocarbons  invo lved .  

I 
The a s p h a l t e n e  f r a c t i o n ,  does  n o t  show any peaks i n  the f i r s t  

zone of t h e  thermogram, whereas t h e  l i g h t  f r a c t i o n  shows t h e  b i g g e s t  
peak w i t h i n  t h i s  r e g i o n .  I n  t h e  second zone w e  obse rve  t h a t  t h e  

.> a s p h a l t e n e s  show t h e  least  amount of u n s t a b i l i t y ,  and t h e y  peak 
, ear l ie r  i n  tempera ture  than  b o t h ,  t h e  f u e l  and t h e  l i g h t  f r a c t i o n .  

The weight o f  a s p h a l t e n e s  u t i l i z e d  t o  o b t a i n  t h e  thermograms i n  f i g u r e  
4 ,  was approximate ly  h a l f  o f  t h e  we igh t  u t i l i z e d  f o r  t h e  f u e l  and t h e  
l i g h t  f r a c t i o n .  Thus, t h e  a s p h a l t e n e s  a l so  show t h e  b i g g e s t  area 
under che peak w i t h i n  t h e  zone I1 i n  f i g u r e  4 .  On t h e  o t h e r  hand, t h e  

\ l i g h t  f r a c t i o n  g i v e s  t h e  s m a l l e r  peak ,  and h i g h e r  t empera tu res  i n  t h e  
~ second zone. These r e s u l t s ,  a r e  confirmed by t h e  expe r imen ta l  r e s u l t s  

w i t h  t h e  TGA, wich w i l l  be  d i s c u s s e d  l a t e r .  The d i f f e r e n c e s ,  i n  t h e  
zone 11, among t h e  heavy, and l i g h t  f r a c t i o n s  a r e  n o t  easy  t o  e x p l a i n .  
I t  i s  p o s s i b l e ,  t h a t  t h e  m e t a l s  i n  t h e  a s p h a l t e n e s  are a c t i n g  as 
c a t a l y s t s  i n  t h e  o x i d a t i o n  of t h i s  f r a c t i o n s .  T h e r e f o r e ,  w e  may have 
t h e  peak s h i f t e d  t o  lower t empera tu res ,  w i t h  r e s p e c t  t o  t h e  f u e l .  I n  
t h e  case o f  t h e  l i g h t  f r a c t i o n ,  it is  p o s s i b l e  t h a t  t h e  s u l f u r  

o x i d a t i o n  of t h e s e  hydrocarbons .  Thus, an  i n h i b i t i n g  mechanism may 
s h i f t  t h e  peak of t h e  l i g h t  f r a c t i o n  towards t h e  h i g h e r  t empera tu res .  

0 con ta ined  w i t h i n  t h i s  f r a c t i o n  i s  a c t i n g  as an i n h i b i t o r ( 9 )  f o r  t h e  

5 

\ 
Figure  5,  shows t h e  t y p i c a l  r e s u l t s  f o r  t h e  dynamic TGA 

expe r imen t s ,  a long  w i t h  t h e  d e r i v a t i v e  cu rves  (DTGA) of t h e  TGA 
s i g n a l s .  I t  i s  observed  i n  f i g u r e  5 ,  t h e  resemblance between t h e  DTGA 

', c u r v e s ,  and t h e  c u r v e s  i n  f i g u r e  4 .  Thus, t h e  DTGA thermograms 
conf i rm t h e  r e s u l t s  o b t a i n e d  f o r  t i le f u e l  and i t s  f r a c t i o n s ,  by DSC. 

' That  i s ,  t h e  a s p h a l t e n e  f r a c t i o n  does  n o t  show a peak a t  -3OOOC. A l s o ,  
f o r  t h e  r e g i o n  between 400-600°C t h e  heavy f r a c t i o n  shows the l a r g e s t  

, peak a t  lower t empera tu res ,  and t h e  l i g h t  f r a c t i o n  g i v e s  t h e  smallest 

According t o  t h e  TGA r e s u l t s ,  t h e r e  i s  a mass l o s s  of -20% f o r  b o t h ,  
t h e  f u e l ,  and t h e  a s p h a l t e n e - f r e e  f r a c t i o n  up t o  a t empera tu re  o f  
-25OOC. This  loss  o f  weight  i n  t h e  samples ,  h a s  n o t  r e l e a s e d  o r  
absorbed  h e a t  such t h a t  i t  cou ld  be accounted  f o r  i n  t h e  DSC 
exper iments .  The mass loss b e f o r e  25OoC, cou ld  be due t o  e i t h e r  t h e  
evapora t ion  o f  v o l a t i l  compounds, o r  t o  a ve ry  mi ld  o x i d a t i o n  o r  
p y r o l y s i s  of t h e  f u e l ,  w i t h  t h e  p roduc t ion  of v o l a t i l  s p e c i e s .  The 

, TGA, DTGA, and DSC r e s u l t s  a t  300°C conf i rm the e x i s t e n c e  o f  an  
exothermic  r e a c t i o n  a t  t h i s  t empera tu re  i n  the f u e l ,  and t h e  l i g h t  
f r a c t i o n .  The TGA f o r  t h e  l i g h t  f r a c t i o n ,  i n  t h i s  t empera tu re  r e g i o n  
shows t h a t  t h e  pe rcen tage  of t h e  mass l o s t  d u r i n g  t h e  r e a c t i o n  i s  
h i g h e r  t han  i t  i s  f o r  t h e  f u e l .  T h i s  r e s u l t ,  e x p l a i n s  why t h e  a r e a  
under  t h e  peak i n  zone I f o r  t h e  a s p h a l t e n e - f r e e  f r a c t i o n  is b i g g e r  

t h a t  t h e  s a m e  t y p e  of o x i d a t i o n  r e a c t i o n  i s  t a k i n g  p l a c e  f o r  t h e  f u e l  
and t h e  l i g h t  f r a c t i o n  i n  t h e  zone I .  However, more m a t e r i a l  i s  
r e a c t i n g  a t  t h e s e  t empera tu res  i n  t h e  a s p h a l t e n e - f r e e  f r a c t i o n  t h a n  it 
i s  i n  t h e  f u e l .  The end of t h e  f i r s t  r e g i o n  of o x i d a t i o n  f o r  t h e  f u e l  
and t h e  l i g h t  f r a c t i o n  is s i g n a l e d  i n  t h e  TGA p l o t  by a d r a s t i c  change 
i n  t h e  s l o p e  o f  t h e  cu rve .  The new s l o p e  i n d i c a t e s  a much s lower  r a t e  
i n  t h e  m a s s  loss.  F i n a l l y ,  t h e  TGA cu rve  of t h e  f u e l  and t h e  
a s p h a l t e n e  f r a c t i o n ,  shows a n o t h e r  change i n  t h e  s l o p e  towards h ighe r  
r a t e s  o f  mass l o s s  i n d i c a t i n g  t h e  beginning  o f  t h e  zone 11. The new 
change i n  s l o p e  is m o r e  g r a d u a l  i n  t h e  l i g h t  f r a c t i o n  t h a n  i n  t h e  fuel.  
The TGA cu rve  of t h e  a s p h a l t e n s ,  s h o w a l m o s t  no change i n  t h e  weight  

' peak a t  h ighe r  t empera tu res ,  w i th  r e s p e c t  t o  t h e  peak of t h e  f u e l .  

I t h an  t h e  a r e a  under t h e  peak o f  t h e  f u e l .  These r e s u l t s ,  i n d i c a t e  
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of t h e  sample u n t i l  -40QOC. A t  -400°C, t h e r e  i s  a r a p i d  f a l l - o f f  of 
t h e  s i g n a l ,  which i n d i c a t e s  a ra te  o f  mass loss h i g h e r  t h a n  even t h a t  
f o r  t h e  f u e l ,  i n  t h e  same t empera tu re  r e g i o n .  The s l o w  ra te  i n  t h e  
m a s s  loss of  t h e  a s p h a l t e n e - f r e e  f r a c t i o n ,  and a h igh  r a t e  o f  mass 
l o s s  f o r  t h e  a s p h a l t e n e s  w i t h i n  t h e  same t empera tu re  r e g i o n  go along 
w i t h  t h e  r e s u l t s  i n  t h e  DSC f o r  bo th  f r a c t i o n s .  The re fo re ,  we may 
a rgue  a g a i n  t h a t  t h e r e  i s  an  i n h i b i t i n g  mechanism f o r  t h e  o x i d a t i o n  of 
t h e  l i g h t  f r a c t i o n  t a k i n g  p l a c e  i n  t h e  zone 11. W e  may a lso argue  
t h a t ,  a c a t a l y t i c  e f f e c t  i s  a t  least  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  
r e s u l t s  o b t a i n e d  wi th  t h e  a s p h a l t e n e  f r a c t i o n .  

I 

Theiso thermic  TGA c u r v e s  have been k i n e t i c a l l y  ana lyzed .  I t  was 
assumed, as it w a s  t h e  case f o r  t h e  f u e l ( l , 2 ) ,  a p s e u d o - f i r s t  o r d e r  
k i n e t i c s ,  which means a f i r s t  o r d e r  w i t h  r e s p e c t  to t h e  f r a c t i o n s .  / 

Figures  6 and I p r e s e n t  t h e  Ar rhen ius  p l o t s  f o r  t h e  zones I and I1 of 
t h e  l i g h t  f r a c t i o n ,  r e s p e c t i v e l y .  F i g u r e  8 shows t h e  Ar rhen ius  p l o t  
f o r  t h e  a s p h a l t e n e s .  I n  Table  2 ,  w e  have compared t h e  a c t i v a t i o n  
e n e r g i e s ( E a )  f o r  t h e  f u e l ,  and i t s  f r a c t i o n s .  The E a ' s  f o r  t h e  f u e l ,  
and t h e  l i g h t  f r a c t i o n  are  s imi la r  t o  each  o t h e r .  On t h e  o t h e r  hand, 
t h e  Ea of t h e  a s p h a l t e n e  f r a c t i o n  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  Ea ' s  
f o r  t h e  f u e l ,  and t h e  l i g h t  f r a c t i o n .  These are r e s u l t s ,  which a r e  
somewhat expec ted  s i n c e  t h e  l i g h t  f r a c t i o n  r e p r e s e n t s  86% of t h e  f u e l .  
The h igh  a c t i v a t i o n  energy  f o r  t h e  a s p h a l t e n e s ,  shou ld  a lso be  
cons ide red  a snorma l  due t o  t h e  o x i d a t i o n  r e s i s t a n c e  of t h i s  f r a c t i o n .  f 

I t  i s  p robab le  t h a t  t h e  f i r s t  o x i d a t i o n  zone i n  t h e  f u e l ,  and t h e  l i g h t  
f r a c t i o n ,  i s  due  t o  t h e  p a r a f f i n i c  c o n t e n t  P l u s  some o f  t h e  l i g h t e r  
a romat i c  hydrocarbons  i n  t h e  f r a c t i o n .  Th i s  o b s e r v a t i o n  i s  based on the  
low a c t i v a t i o n  energy  for t h e  r e a c t i o n  i n  zone I.  However, t h e  r e s u l t s  
from DSC and TGA show t h a t  t h e  h e a t  o f  o x i d a t i o n ,  and t h e  loss  o f  mass 
are sma l l  i n  t h i s  zone. Thus, s i n c e  t h e  p a r a f f i n i c  c o n t e n t  o f  t h e  f u e l  
i s  n o t  so s m a l l ,  it i s  a l s o  p robab le  t h a t  t h e  deg ree  o f  o x i d a t i o n  of 
t h e  r e a c t i v e  s p e c i e s  o f  t h e  f u e l ,  and t h e  f r a c t i o n  i n  zone I i s  low. 

Another i n t e r e s t i n g  f e a t u r e  o f  t h e  a s p h a l t e n e  f r a c t i o n  i s  shown 
i n  F igu re  9 .  The cu rves  i n  f i g u r e  9 ,  are t h e  i s o t h e r m i c  TGA runs  a t  
470 and 480OC. These two cu rves  show a smooth cu rve  f o r  approximate ly  
2.5 and 2 minu te s ,  r e s p e c t i v e l y .  A f t e r  t h i s  t i m e ,  t h e r e  i s  a sudden 
loss o f  mass u n t i l  t h e  sample mass i s  a lmos t  d e p l e t e d .  The minute 
amount of m a s s  remain ing  a f t e r  t h e  sudden change c o n t i n u e s  i t s  ox i -  
d a t i o n ,  b u t  a t  a much s lower  rate. The sudden change, i s  an  i g n i t i o n  
of t h e  a s p h a l t e n e  f r a c t i o n .  The impor t an t  f a c t  i s  t h a t  a t  l o w e r  
t empera tu res  t h e r e  i s  no i g n i t i o n  of t h e  sample,  b u t  a g r a d u a l  ox ida t ion  
o f  t h e  a s p h a l t e n e s .  S t a r t i n g  a t  -47OOC t h e r e  i s  an i g n i t i o n  of t h e  
sample, b u t  it i s  preceded  by a n  i n d u c t i o n  p e r i o d .  T h i s  behav io r ,  i s  
n o t  found i n  t h e  a s p h a l t e n e - f r e e  f r a c t i o n .  I n  t h e  l i g h t  f r a c t i o n ,  a t  
-. 47OoC, t h e r e  i s  an  spontaneous  i g n i t i o n  of t h e  sample w i t h o u t  a 

measurable  i n d u c t i o n  p e r i o d .  

CONCLUSIOYS 

- A t  least  some of t h e  s u l f u r  i n  t h e  a s p h a l t e n e s ,  seems t o  be  c l o s e l y  
a s s o c i a t e d  w i t h  some o f  t h e  vanadium of t h i s  f r a c t i o n .  I - The l i g h t  f r a c t i o n  shows two r e g i o n s  of o x i d a t i o n  i n  t h e  tempera ture  
r ange  between 200-600OC. These r e g i o n s  are similar t o  t h o s e  o f  t h e  f u e l ,  
b u t  s h i f t e d  toward s l i g h t l y  h i g h e r  t empera tu res .  - The heavy f r a c t i o n  shows o n l y  one  r e g i o n  of o x i d a t i o n  i n  between 400- 
600OC. This  o x i d a t i o n  r e g i o n  peaks  a t  s l i g h t l y  lower t empera tu res  than  
t h e  s i m i l a r  r e g i o n s  i n  t h e  f u e l ,  and i n  t h e  - The a c t i v a t i o n  e n e r g i e s  o f  t h e  l i g h t  f r a c t i o n  are s i m i l a r  t o  t h o s e  of 

l i g h t  f r a c t i o n .  
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the fuel. 
- The Ea for the asphaltene fraction is considerably higher than the 
activation energies of the fuel, and the asphaltene-free fraction. - At 4709C the asphaltenes ignite spontaneously after an induction 

I period of - 2 . 5  min. 
' - The light fraction at -470OC ignites spontaneously without a measurable 
) induction period. 

Finally, the overall results of this work, agree well with the idea 
that the overall behavior of the fuel is an average of the behavior of 

the DSC, and TGA curves need to be further investigated. Especially, - 
those features that can be related to catalytic or inhibiting properties 
of some chemical species within the fuel. 
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FIGURE 1, SEM IMAGE OF THE ASPHALTENES 
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FIGURE 2, VANADIUM DISTRIBUTION IN FIGURE 1 
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FIGURE 3, SULFUR DISTRIBUTION I N  F I G U R E  1 
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FIGURE 8 .. ARRHLNIUS PLOT FOR THE OXIDAIION 
OF THE ASPMALIUIES 

T I M E  ( “ l N . I  

FIbURE 9 .- ISOTHEFJIIC 161 CURVES FOR ASPHnLlEliES AT 11.- U70 
21.-4m L. 
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